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Motivated by recent experiments on C60 dimers, we have performed total-energy minimizations for several
isomers of the C60 dimer in the neutral configuration in order to find the ground-state structure. The phonon
spectra and electronic energy levels have also been calculated within the generalized tight-binding approxima-
tion. From these calculations, one can also deduce the IR absorption spectrum. By comparing our results with


































Recently, there has been much interest in studying
ground-state configuration of the C60 dimer.
1–7 Indeed the
latter is important in determining the configuration of pol
merized solid fullerenes that have one-, two-, and thr
dimensional structures. The polymerized phase has bee
ported to appear at high temperature and high pressu8
After laser irradiation of pristine fullerene films deposited
silicon surface, with relatively high intensity, fullerene clu
ters that are bound with forces other than the usual Van
Waals type can also be produced. These clusters maybe
posed of two, three, four, ... up to seven C60 molecules.
9
There is therefore high interest in investigating the nature
this bonding. It is possible to probe the vibrational propert
of these clusters by infrared~IR! ~Ref. 10! and Raman tech
niques among others, to obtain structural information
these systems. These experimental results can be comp
to tight-binding calculations of the spectrum from which o
can also distinguish the IR and Raman contributions. It is
purpose of this paper to perform such a study in order
deduce the structure of the dimer clusters. Here, we repor
a quantitative confirmation that the structure of the dim
observed in photopolymerization experiments is the@212#
cycloaddition~see Fig. 1!, by directly comparing the calcu
lated and experimental IR absorption spectra. This is a p
erful method for identification of the structure of isomers
a cluster or a solid. Previously mentioned publications rep
either theoretical calculations or experimental results on
IR spectrum.
II. THEORY
A. Tight-binding „TB… model and geometry optimization
The number of atoms being large~120 atoms!, a local-


















ometry optimization, vibrational frequency, and IR spectru
calculation is indeed out of reach of many powerful sup
computers. This is why in this paper we have adopted the
method for calculating the electronic structure as well as
total energy and the vibrational spectrum of several of
candidate isomers. We have used the formulation propo
by Xu et al.11 in which the total energy is written as a sum
single-particle energy eigenvalues and a short-range re
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The Slater-Koster parameters are also written as follo
V~r i j !5V~r 0!S~r i j !,
S~r !
5H S r 0r D n expH nF2S rr cD nc1S r 0r cD ncG J , r ,r 1
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224 57ESFARJANI, HASHI, ONOE, TAKEUCHI, AND KAWAZOETABLE I. Comparison between the experimental and calculated IR intensities for C60 by TB, MNDO and two different LDA calcula-
tions. The frequencies are in cm21.
TB ~present! MNDO ~Ref. 15! LDA ~Ref. 16! LDA ~Ref. 13! Experiment~Ref. 10!
v Intensity v Intensity v Intensity v Intensity v Intensity
486 1.00 504 1.00 527 1.00 516 1.00 527 1.00
600 0.08 626 0.35 586 0.63 557 0.65 576 0.30
1199 0.18 1179 1.87 1218 0.36 1202 0.59 1183 0.22


























per-where r 0 ,r 1 ,r c ,n,nc ,m,mc ,d0 , and dc are appropriate
tight-binding parameters. In general, the LDA cohesive
ergy curves of graphite and diamond are reproduced v
accurately with this orthogonal scheme, which has also p
dicted well the atomic coordinates and bond lengths of C60.
The structures are relaxed to their minimum energy
using Newton’s method: taking a finite difference of t
forces, which are computed analytically, one can comp
the Hessian matrix, whose eigenvalues and eigenvector
low us to displace the atoms according to the followi
equation in whichF is the 3N-dimensional force vector:
dx52~¹F !21•F.
In the last iteration where the system is fully relaxed, t
second derivative matrix of the total-energy@in other words:
(2¹F)21# is just the dynamical matrix whose eigenvalu
are the square of the vibrational frequencies of the syste
B. IR calculation method
To calculate the IR intensities of each of the vibration
modes, we can either use the finite difference method,12 or
the linear-response theory13 to compute the effective charg
tensor. In the finite difference method, one calculates
change in the dipole moment after a small distorsion alo
the vibrational mode is applied to the system. The IR int
sity is given by the square of this change:
I l}uD~l!2D0u2, ~5!
whereD0 is the permanent dipole moment andD(l) is the
dipole moment of the distorted cluster along the vibratio
model. In the linear-response formalism, one computes
same expression by calculating the difference analytically
other words, by computing the first-order term in the Tay
expansion of the dipole moment:
I l} (






b(l) is theb component of the polarization vector o
model on atomi . The effective charge tensor,Z5¹D is
calculated from linear response~or perturbation theory!:
¹ ibD
a5Zi
ab5E ¹ ibr~r !r ad3r 2Zidab . ~7!





















Under the ‘‘infinitesimal’’ displacement along the phono
mode, one can calculate the change in the electronic eig
states by using first-order perturbation theory:






The perturbationV is just the difference between th
perturbed and the unperturbed Hamiltonian
V5H(R1e)2H(R)5e•¹H. In the generalized tight-
binding molecular dynamics~TBMD! formalism, the matrix
elements of the Hamiltonian are known analytically, and o
can therefore easily calculate the matrix elements of the
FIG. 1. Geometry of the nine considered isomers.
57 225VIBRATIONAL MODES AND IR ANALYSIS OF . . .TABLE II. Electronic and geometrical properties of the nine candidates for photopolymerized C60.
Isomer Symmetry Binding energy~eV! Gap ~eV! Intersphere distance~Å!
Dumbell D2h 0.413 1.7981 9.0847
Single-B 20.049 1.6336 9.2529
P55 D3d 22.783 1.8797 8.5194
P56 C3v 20.177 1.6548 8.5735
P66 D3d 2.187 1.4199 8.6188
Cage-Td Td 217.066 1.6617
Cage-C1h C1h 216.616 1.6462
Cage-C2 C2 216.637 1.6443









ndturbationV by using the Hellman-Feynmann theorem. T














where the first sum is overoccupied, and the second sum
over unoccupiedorbitals. This general expression can
used within any one-particle formalism~Hartree-Fock, LDA,
TB, etc.!. The wave functionsucn& are the eigenstates of th
unperturbed one-particle Hamiltonian with eigenvaluesEn .
FIG. 2. Calculated and experimental IR intensities of C60.s
But in each formalism the calculation of the matrix eleme
of rW or ¹W H are different. In our present TB case, the for
matrix is calculated analytically, and its matrix elements
the basis of the eigenstates is readily computed. For the
trix elements ofrW, however, the TB basis functions bein







m d i j ~d lkRi
a1Slk
a !, ~11!
FIG. 3. Calculated IR intensities of the dumbell structure a
the result of photopolymerization experiments.






























ac2pa(r )dr5S for l 52s and k52pa
and zero otherwise; the indicesl ,k refer to the orbitals and
i , j refer to the atoms whose coordinates are represente
R. Finally, cjk
m are the coefficients of the expansion of t
eigenfunctionum& on the basis setu jk&. In our calculations,S
is a free parameter which can be adjusted. We enforce
sum rule on the effective charge tensorZ to fix the value of
S by minimizing the left-hand side of Eq.~12!, since in per-






comes from the fact that the dipole moment should
change for a random but uniform displacement of the ato
@see Eq.~7!#. The parameterS is found by imposing the
above sum rule on C60 and then using the optimized valu
for the calculation of all other systems, since it should be
same as long as the used basis functions are the s
Among the two mentioned methods, we have chosen
finite difference one because it relies on ground-state p
erties, and has a better chance to be accurate. The lin
response formulation, involving the unoccupied or exci
states, would be less accurate since the latter are not












thermore the sum should extend over all the excited sta
which in the TB case is quite limited, and hence inaccura
For a comparison between LDA, tight-binding, and mo
fied neglect of differential overlap~MNDO! methods, one
could refer to~Ref. 14!, or Table I in which one can notice
the change in the IR intensities even from one LDA to a
other LDA calculation. The TB results are still better tha
MNDO,15 which predicts that the fourth peak is more th
four times more intense than the first one, and the third p
almost twice the first one. Besides, to get better agreem
with experiment, the MNDO frequencies have been sca
by a factor of 0.87.15 One can see a comparison between
TB and experiment for the spectrum of C60 in Fig. 2. The
frequencies agree reasonably well, but as far as the inte
ties of C120 isomers are concerned, one should compare
change of the peak intensities relative to that of C60, be-
tween theory and experiment.
III. RESULTS AND DISCUSSION
A. General features of the spectra
We considered five C60 dimers and four C120 cages. The
five C60 dimers correspond to Figs. 1~a!, 3~a!, 3~b!, and 3~c!
reported by Stroutet al.1 and are labeled here dumbe
~@212# cycloaddition!, P66, P56, andP55 ~P represents
peanuts!, respectively. Additionally, we have also consider























dis-the two C60 connected by a ‘‘single bond.’’ However, th
four C120 cages are among the most energetically stable
mers of C120 fullerene.
17 Some of the electronic properties o
these fullerenes are summarized in Table II, and their ge
etry can be viewed in Fig. 1.
The results of our TB calculations, which were obtain
with S53.87, are shown in Figs. 3, 4, and 5. This value oS
was obtained by enforcing the sum rule@Eq. ~12!# on C60 IR
spectrum using the perturbation approach. However, as m
tioned earlier, our calculations for C120 isomers are done by
using the finite difference formula~5!. For the sake of com-
parison with experiment, the peaks have been broade
with a Gaussian of width 5 cm21; all plotted intensities are in
arbitrary units.
One can notice that for the single bond, the spectrum
almost the same as for C60 for which the four IR-active fre-
quencies are: 487, 600, 1199, and 1571 cm21, respectively
~see Table I!. The latter results are in good agreement w
experiment and other LDA-basedab initio methods. For the
dumbell structure, a new peak appears at around 875 cm21,
which can be associated with the strong 793 cm21 peak of
Onoe and Takeuchi10 ~see also Fig. 3!. This is actually the
superposition of two strong peaks at 871 and 880 cm21, re-






displayed in Fig. 6. The 1199 cm21 peak of C60 splits into
several smaller ones at 1270, 1203, 1167, and 1173 cm21.
Similarly, the 1571 cm21 peak acquires three satellites
1599, 1556, and 1657 cm21. These features as well as th
875 cm21 peak compare well with the experimental resu
as can be seen from Fig. 3.
The IR spectra of the four cages displayed in Fig. 5
different from the experiment in that we observe many re
tively large peaks developed much above the 1571 cm21
peak, and that lower frequency peaks have their inten
largely reduced. The cage structures can therefore be r
out as candidates for the photopolymerized dimers obse
in Ref. 10. Peanut-shape clusters have however, as ca
seen from Fig. 4, features that are similar to the experim
especially theP66 D3d isomer. After a more careful com
parison with the experimental data~Fig. 3!, one can discard
these structures as well since the many strong develo
peaks at around 1200, 1400, and 1700 cm21 do not appear in
the experimental data and the 793 cm21 peak of the experi-
ment is absent in most of the considered structures~except
for the dumbell andP66!. Furthermore, generally because
their lower symmetry, these isomers have more broadly
tributed peaks with lower intensities.
228 57ESFARJANI, HASHI, ONOE, TAKEUCHI, AND KAWAZOEFIG. 6. ~Color! ~Top! Calculated HOMO and LUMO charge distributions of the dumbell structure.~Bottom! Vibrational modes of the






aksB. Electronic structure and vibrational modes
of the dumbell structure
In the case of the dumbell isomer, we have displayed
Fig. 6 the electronic charge of the highest occupied mole
lar orbitals~HOMO! and lowest unoccupied molecular orb
als ~LUMO! levels of the cluster. One can notice that then
u-
HOMO charge is mostly localizedaround the connecting
bonds, whereas the LUMO charge is more extended on
middle part of the C60 cage. These features are also shared
the peanut structures. In the same figure, we have shown
two characteristic vibrational modes at 875 cm21. Their













































57 229VIBRATIONAL MODES AND IR ANALYSIS OF . . .of the spectrum isB3u . One can again notice that thes
modes are also mostly localizedaround the connecting
bonds.
The dumbell structure, thought to be the most likely ca
didate for the dimer18,1 has been found by us and other a
thors to have a positive binding energy. All these calcu
tions, are based on the tight-binding method, which is, pre
much like ~but still not as good as! density-functional~DF!
calculations, unable to take the Van der Waals~VdW! inter-
actions correctly into account. Therefore,the total-energy re-
sults concerning this structure, as well as the single bo
which was also found to have a positive binding ener
might not be as reliable as other structures, since VdW
teractions play an important role in these isomers.
We find that the lowest vibrational frequencies of t
dumbell are about 18, 22, and 30 cm21. They correspond to
bending modes of the double bond connecting the two ca
in-plane and out-of-plane. The high-frequency modes
pearing at 1660 cm21 also relate to this double bond, but th
time, the stretching modes are localizedaround the bond.
The proper stretching of the bond is at much lower frequ
cies around 800 cm21, as shown in Fig. 6.
Other low-frequency modes correspond, for example
dilation of one cage, while the other one is compres
(226 cm21), or uneven flattening of the two cage
(266 cm21).
IV. SUMMARY
For the calculation of the IR spectrum, because of
limitations in treating 120 atoms with DF-LDA methods, w
have used the tight-binding approach, which for larg
fullerenes is still tractable on large computers. This meth
is successful in predicting the ground-state geometry of


















instances as accurately asb initio methods. But it is not as
accurate in the computation of the dipole moment, since
charge density is not really known. However we can ma
to some extent, judgements on the agreement of the exp
mental IR data with calculated results by comparing shifts
the frequencies, andrelative changeof IR intensities com-
pared to C60.
Although the cohesive energy of the cage structures
much lower than that of the peanut and dumbell structu
they require much annealing time to be formed, since th
arrangement of bonds is quite different from that of C60 from
which they are supposed to originate. The dumbell and
peanuts however are a~metastable! local minimum near C60
in the phase space, and therefore are more likely to fo
under experimental conditions where the temperature is
too high. Our study has revealed that because of the v
similar features of the experimental and calculated IR pea
namely the satellites around 1600, 1200, and 600 cm21, and
especially the one developed at 875 cm21, the dumbell is the
most likely candidate for the photopolymerized C60 dimers
of our experiments. Some of the specific electronic and
brational features of this structure have also been discus
This is, to our knowledge, the first quantitative comparis
between calculated and experimental IR spectra, and sh
as said previously, that the dumbell structure is indeed
one formed under UV illumination.10
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